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Abstract 
Direct energy deposition (DED) process attracts attention from industries because of its applicability to production of complex 
shape parts. However, technical challenges still remain in DED, such as void evolution inside of the produced object. This paper 
provides a new graphical evaluation method of void distribution. Binarizing a cross-sectional image of the cladded object and 
applying a 2-dimensional Gaussian window, the void distribution rate is separately evaluated in each local area on the cross section. 
To clarify the relation between void evolution and deposition condition in Inconel 625, the void distribution is experimentally 
evaluated through the various tests. 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the NAMRI Scientific Committee. 
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1. Introduction 
In additive manufacturing, direct energy deposition (DED) process recently attracts attention from automotive and 
aerospace industries. Compared with selective laser melting, the DED does not require a strict seal structure and can 
be performed continuously without intervals to put a thin layer of powder. Furthermore, the produced objects with 
DED attain a high density because the process involves deposition, melting and solidification of powdered material 
using a traveling melt pool [1]. On the other hand, the DED process is difficult to control due to the dynamic movement 
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of material powder, thus, various technical problems still remain in the DED such as shape accuracy and powder 
efficiency. The porosity rate is comparably smaller than other additive processes but not ignorable to ensure the 
strength of resulting parts. 
The void formation inside the produced object has been focused on as one of the important issues in additive 
manufacturing. Several researchers analyzed mechanisms of void formation in selective laser melting by evaluating 
the void distribution in the produced object under various scanning conditions [2,3]. These reports mention that void 
forms due to the non-molten powder and the gases trapped in the melt pool. On the other hand, the voids hardly appear 
due to non-molten powder in DED process because the powders are sufficiently molten with high laser power. Some 
researchers have already evaluated the void formation in DED process and showed that only circular voids are 
observed on the cross-section of deposited objects [4,5], though the void shape is unsteady when the powder is not 
molten enough. These researches calculate the porosity rate to evaluate and optimize the parameters for the DED 
process on Inconel 718.  
From the viewpoint of applicability to the metal powder for DED, Inconel 625 is also a suitable material. Inconel 
625 is a nickel-based superalloy employed to aerospace, chemical and marine industries because of its heat and 
corrosion resistances, and demanded to be used for complex shape parts [6,7]. To reduce the voids and ensure the 
mechanical strength of deposited products, the void formation in Inconel 625 also should be investigated. Furthermore, 
to clarify the void formation mechanism more, analytical approach to evaluate the distribution of void in the deposited 
object also should be established. Although porosity rate is calculated in the past researches, a bias in the void 
distribution is hardly investigated, though the position of void would have a strong relation with its evolution 
mechanism.  
Hence, this paper evaluates the porosity of Inconel 625 by proposing a new graphical evaluation method for void 
distribution in deposited object with DED. Binarizing a cross-sectional image of the deposited object and applying a 
2-dimensional Gaussian window, the local porosity rate is evaluated for each section. To clarify the relation between 
the void evolution and the deposition condition in DED process for Inconel 625, the void distribution is experimentally 
evaluated through various deposition tests. 
 
2. Methodology 
2.1. Observation for cross section of deposited objects 
To evaluate the void distribution in the deposited object, the cross section is observed in this study. After cutting 
the deposited tracks with an abrasive water jet machine, the cross section is polished to eliminate scratches by using 
4 kinds of polishing papers and 2 kinds of diamond slurries (Fig. 1). The polished cross section is observed with a 
digital microscope to obtain the image data. To emphasize and distinguish a void on the cross-sectional surface, the 
image data is binarized. As a result, voids can be clearly observed as black pixel areas on the analyzed image. 
Fig. 1. Procedures for taking cross-sectional images of deposited objects. 
107 Ryo Koike et al. /  Procedia Manufacturing  6 ( 2016 )  105 – 112 
2.2. Evaluation of Void distribution 
Although porosity rate can be calculated by counting the black and white pixels respectively in the cross-sectional 
picture, void distribution in each section also should be evaluated to analyze the difference in porosity rate between 
layers. In this study, a graphical calculation method with 2-dimensional Gaussian window is employed to separate the 
evaluation section. 
Assuming that distributions of ݔ and ݕ components are independent, the Gaussian distribution ݓ on an x-y plane 
is generally represented as follows: 
 
ݓሺݔǡ ݕሻ ൌ ͳʹߨߪ௫ߪ௬ ݁
ି ଵଶఙೣఙ೤ሺሺ௫ିఓೣሻ
మାሺ௬ିఓ೤ሻమሻ
 (1) 
where ߪ௫ and ߪ௬ are the standard deviations, and  ߤ௫ and ߤ௬ are the averages in each component. For example, the 
Gaussian distribution is represented as Fig. 2, where  ߪ௫ ൌ ߪ௬ ൌ ͳ, ߤ௫ ൌ ߤ௬ ൌ Ͳ. The central point and the spread of 
the distribution are easily modified by changing the averages and the standard deviations. 
Fig. 2. 2-dimensional Gaussian distribution on an x-y plane (ߪ௫ ൌ ߪ௫ ൌ ͳǡ ߤ௫ ൌ ߤ௬ ൌ Ͳ). 
The 2-dimensional Gaussian distribution is available as a window function to limit a section on the obtained cross 
section image. By convoluting the image data and the window function, the evaluated area can be limited. Furthermore, 
the variation in local porosity rate can be smoothly captured with the 2-dimentional Gaussian widow, comparing with 
an equal weighting. The local porosity rate ௩ܲ at ሺݔǡ ݕሻ is defined as follows: 
 
௩ܲሺݔǡ ݕሻ ൌ ඵ ݌ሺݔԢǡ ݕԢሻ
ஶ
ିஶ
ή ݓሺݔ െ ݔᇱǡ ݕ െ ݕᇱሻ݀ݔԢ݀ݕԢ (2) 
where ݌ሺݔǡ ݕሻ ൌ ൜ ͳڮ ሺݔǡ ݕሻͲڮ ሺݔǡ ݕሻ  
However, the image data is discrete data which is expressed by arranging enormous number of pixels. In discrete 
domain, Eq. 2 can be represented as follows: 
 
௩ܲሾݔǡ ݕሿ ൌ ෍෍݌ሾ݉ǡ ݊ሿ ή ݓሺݔ െ ݉ǡ ݕ െ ݊ሻ
ே
௡ୀ଴
ெ
௠ୀ଴
 (3) 
where ܯ and ܰ are the numbers of pixels in the horizontal and vertical directions, and ݌ሾ݉ǡ ݊ሿ is binary data at the 
ሺ݉ǡ ݊ሻth pixel in the binarized cross section image. When the ሺ݉ǡ ݊ሻth pixel color is black in the binarized cross 
section image, ݌ሾ݉ǡ ݊ሿ ൌ ͳ. Conversely, ݌ሾ݉ǡ ݊ሿ ൌ Ͳ when the ሺ݉ǡ ݊ሻth pixel is white.  
Conducting the calculation of Eq. 3 for each pixel in the binarized image, the local porosity rate for each pixel can 
be obtained. By giving color corresponding to the local porosity rate for each pixel, a color map of void distribution 
can be drawn as Fig. 3(b). Not only the influence of large voids but also that of small voids are captured and shown 
as blue regions in the color map, even if the void is so small to find on the binarized picture as shown in Fig. 3(a). In 
this study, both porosity rates for the whole cross section is also utilized to evaluate the parameters for DED process.  
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Fig. 3. Proposed graphical evaluation method for void distribution; (a) analyzed original picture, (b) color map of local porosity rate. 
2.3. Experimental Setup 
DED is a process that uses laser to melt and deposit the material powder as shown in Fig. 4. In this study, the DED 
test are conducted with an additive/subtractive hybrid machine which employs a high-power fiber-coupled diode laser 
that can output a tophat beam up to 2000 W to supply the thermal energy (Fig. 5). The laser wavelength is 1020 nm 
and the melting spot diameter is 3 mm. The material powder is supplied from the powder jet nozzle to the melting 
spot with carrier Argon gas. The shielding Argon gas is also supplied to avoid oxidation during built-up process. 
Inconel 625 is used as the material powder for DED. 
The void distribution in the resulting parts produced with DED strongly depends on the deposition conditions. In 
order to find a suitable deposition condition for reducing the voids, single-layer deposition experiments with 36 kinds 
of difference conditions are carried out by changing laser power, carrier gas supply, and powder flow rate. Furthermore, 
a multi-layer deposition test is also conducted to evaluate the void distribution in wall-shape deposited objects. 
The window size for proposed graphical analysis method can be modified by changing the standard deviations in 
Eq. 2. To evaluate the local porosity rate, the window size should be small but sufficiently larger than the void size. 
Thus, defining the radius of the window as the distance between the central point of the window and the distant point 
at which the value of Gaussian function is 1 % of the central point, 200-pixel-diameter window is employed which 
corresponds to 200-Pm-diameter window because the diameters of observed voids  were less than 50 Pm.  
The detail of the parameters for DED in this test are summarized in Table 1. 
Fig. 4. DED process model.                                                            Fig. 5. Appearance of DED process.   
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     Table 1. Deposition conditions  
Parameter Single-layer deposition Multilayer deposition 
Laser power  W 1200, 1600, 2000 1200 
Metal powder supply  g/min 16, 18, 20 11 
Carrier gas supply  l/min 4, 6, 8, 10 6 
Shield gas supply  l/min 4 4 
Feed rate  mm/min 1000 800 
Deposit length  mm 50 30 
Number of layers 1,  54 
Size distribution of metal powder  Pm 45 – 125 
Material of base plate Stainless alloy (SUS303) 
2.4. Evaluation of deposited object 
Firstly, single-layer deposition tests are conducted. Figures 6 and 7 show the color maps of void distribution when 
the laser power is set to 2000 and 1200 W respectively. Compared with the results with the laser power of 2000 W, 
the local porosity rate clearly gets high at some spots in the results of 1200 W. Although each deposition test is 
repeated 2 times to confirm the repeatability of the void evolution, the void randomly appears in the deposited object. 
For example, in Figs. 6 and 7, (a) and (b) are the results under the same deposition conditions and show similar 
porosity rates, but the high porosity areas irregularly appear and the repeatability cannot be confirmed. 
Fig. 6. Color map of local porosity rate under the condition as follows: 2000 W laser power, 20 g/min metal powder supply, and 10 l/min carrier 
gas supply. (a) result of first test, (b) result of second test.  
Fig. 7. Color map of local porosity rate under the condition as follows: 1200 W laser power, 20 g/min metal powder supply, and 10 l/min carrier 
gas supply. (a) result of first test, (b) result of second test.  
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The average porosity rates of whole cross section under each condition are summarized in Tables 2 – 4. The 
experimental results clearly show that higher laser power and lower carrier gas supply leads to void reduction in 
single-layer deposition in the conditions used in this study. In particular, low laser power leads to generation of large 
voids which drastically enlarges porosity rate. Regarding a single-layer deposition, Zhong et al. also showed that high 
laser power decreases the porosity rate in a deposited object of Inconel 718 [4]. Though Zhong indicated that the 
porosity rate does not remarkably change according to the carrier gas supply from 7.3 l/min to 33 l/min, the increase 
in porosity rate is confirmed in the range of 4 l/min to 10 l/min in this study. The experimental results indicate that 
the metal powder should be molten sufficiently with high heat supply to avoid the void generation. 
 
    Table 2. Porosity rate for whole cross section with laser power of 2000 W. 
Laser power 
2000 W 
Carrier gas supply 
4 l/min 6 l/min 8 l/min 10 l/min 
Metal powder supply 
16 g/min 
0.0085% 
(േ0.0035%) 
0.0069% 
(േ0.0015%) 
0.0029% 
(േ0.0001%) 
0.0070% 
(േ0.0022%) 
18 g/min 
0.0080% 
(േ0.0012%) 
0.0039% 
(േ0.0020%) 
0.0108% 
(േ0.0007%) 
0.0111% 
(േ0.0007%) 
20 g/min 
0.0029% 
(േ0.0020%) 
0.0069% 
(േ0.0003%) 
0.0064% 
(േ0.0004%) 
0.0082% 
(േ0.0010%) 
 
  Table 3. Porosity rate for whole cross section with laser power of 1600 W. 
Laser power 
1600 W 
Carrier gas supply 
4 l/min 6 l/min 8 l/min 10 l/min 
Metal powder supply 
16 g/min 
0.0051% 
(േ0.0002%) 
0.0057% 
(േ0.0019%) 
0.0062% 
(േ0.0003%) 
0.0087% 
(േ0.0011%) 
18 g/min 
0.0064% 
(േ0.0002%) 
0.0073% 
(േ0.0007%) 
0.0228% 
(േ0.0146%) 
0.0224% 
(േ0.0141%) 
20 g/min 
0.0144% 
(േ0.0018%) 
0.0103% 
(േ0.0005%) 
0.0125% 
(േ0.0041%) 
0.0262% 
(േ0.0030%) 
 
Table 4. Porosity rate for whole cross section with laser power of 1200 W. 
Laser power 
1200 W 
Carrier gas supply 
4 l/min 6 l/min 8 l/min 10 l/min 
Metal powder supply 
16 g/min 
0.0068% 
(േ0.0003%) 
0.0138% 
(േ0.0032%) 
0.0124% 
(േ0.0040%) 
0.0330% 
(േ0.0093%) 
18 g/min 
0.0149% 
(േ0.0077%) 
0.0397% 
(േ0.0224%) 
0.0141% 
(േ0.0031%) 
0.0144% 
(േ0.0025%) 
20 g/min 
0.0152% 
(േ0.0069%) 
0.0154% 
(േ0.0047%) 
0.0268% 
(േ0.0055%) 
0.0316% 
(േ0.0105%) 
 
The void distribution is also evaluated in the cross section of the multilayer deposition. Figure 8 shows the cross 
section and void distribution map of multilayer deposition with 1200 W laser power, 6 l/min carrier gas supply, and 
11 g/min powder supply. Excepting the analysis result around large voids, the local porosity rate clearly gets large on 
the bottom of wall. This is because the temperature in the melting spot varies between the bottom and top of the wall 
due to the difference in the thermal conductive condition. The supplied heat is easily transferred to the base plate 
during building bottom layers, on the other hand, the heat stays in the deposited parts during building up the top layers 
because the heat transfer is small when the cross section is small, like a thin wall. Therefore, the temperature of bottom 
layers would not get high enough to eliminate the void. This result indicates that the deposition condition has to be 
changed according to the heat transfer conditions at each point in the deposited object.  
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Fig. 8. 54-layer deposited object; (a) cross-sectional view taken with a digital microscope, (b) color void distribution map.  
Although the proposed graphical evaluation method certainly captures the difference in the local porosity rates 
among each section, the local porosity rate suddenly gets large at the area including a large void. However, as shown 
in Fig. 9, various sizes of voids are observed even in the same samples. Though small voids may have a tendency to 
appear near the surface of deposited object, the presented evaluation method is not suitable to investigate this tendency 
because the influence of large void is dominant in the evaluation result. In our future works, a color map for void 
distribution will be improved to separately evaluate the local porosity rate according to the void size. 
 
 Fig. 9. Size difference among voids; (a) a large void with 25-Pm diameter, (b) a small void with 6-Pm diameter. 
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4. Conclusion 
This paper proposes a graphical evaluation method for void distribution to investigate the porosity rate in a 
produced object of Inconel 625 with direct energy deposition (DED). By applying 2-dimensional Gaussian distribution 
as a window function, porosity rate is separately evaluated in each area on the cross section of deposited object. At 
the same time, the porosity rate of whole cross section is also calculated to evaluate the DED parameters and find a 
proper condition to reduce the void. Experimental results clearly show that higher laser power and lower carrier gas 
supply leads to lower porosity rate in the deposition conditions used in this study. Although no clear tendency of the 
void distribution is confirmed in single-layer deposition tests, the local porosity rate obviously gets high at the bottom 
of the wall in a multilayer deposition test. In our future works, the graphical evaluation method will be improved to 
separately investigate the local porosity rate along with the void size. Furthermore, the obtained results will be utilized 
to clarify the mechanism of void evolution and optimize the DED parameters.  
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